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Abstract: The breeding system and its consequence on fruit set of Eremosparton songoricum (Litv.) Vass., a rare
shrubby legume occurring in moving or semi-fixed sand dunes of Central Asian deserts, were examined by manipulative experiments and observational studies in natural populations during the period of 2007–2009. The results
showed that E. songoricum exhibits a mixed mating system. It is self-compatible, but depends strictly on pollinators
to set fruits. Only two effective pollinators were detected and they triggered the specialized pollination mechanism
(a ‘brush type’ and ‘tripping mechanism’). Geitonogamy becomes predominant in natural populations, because
(74.5±1.3)% of visiting activity happened within or between inflorescences and (24.3±1.4)% occurred between
ramets. As a result, inbreeding depression caused by geitonogamous selfing inevitably happened under natural
conditions, showing 2.36 times less fruit set than was achieved by hand cross-pollination. The results explained the
rarity of the species due to its breeding system, and will assist to develop suitable conservation strategies in severe
desert environments.
Keywords: geitonogamy; inbreeding depression; inland sand dunes; self-fertilization; pollen brush; tripping mechanism

Rare species, the coincidence of diversity hotspots and
conservation strategies, have been considered more
and more importance in the last 20 years (Prendergast,
1993; Lavergne et al., 2005). Many factors are vital to
conserve rare species. The considerations in designing
rare plant conservation strategies are generally concerned with the loss of genetic diversity and how this
loss affects persistence of small populations (Marcella,
1993). Breeding systems will significantly influence
genetic diversity within and among populations (Godt
and Hamrick, 1989). The initial step in the design of a
rare species’ management strategy is to identify the
breeding system (Hamrick et al., 1992). In flowering
plants, a highly diverse array of breeding systems have

evolved, varying from obligated cross-fertilization to
obligated or promoted self-fertilization, with each
strategy presenting selective advantages and disadvantages (Takebayashi and Morrell, 2001). In rare
species, these patterns manifest special importance as
they will operate in a reduced number of individual
populations, primarily determining their reproductive
success and secondarily affecting their population dynamics and genetic diversity (Lammi et al., 1999).
In self-compatible species, the spatial and temporal
separations of male and female functions both increase
the probability of out-crossing (Nair et al., 2004). The
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proximity of pollen to the receptive stigma facilitates
autonomous selfing (Nair et al., 2004), while facilitated selfing may be high in plants with many inflorescences and where both the male and female organs
are mature, as pollinators may forage amongst more
flowers within an individual plant (Harder and Barrett,
1995). However, a major negative consequence of
selfing is inbreeding depression (Young et al., 1996;
Yang et al., 2005). Inbreeding depression is a dynamic
feature of populations that evolved with reproductive
systems, and is a powerful selective force for maintaining out-crossing in natural populations (Jarne and
Charlesworth, 1993). Inbreeding can vary across the
stages of the whole life history, and the population
impacts of inbreeding depression may vary depending
on which life history stage is most negatively affected
(Kittelson and Maron, 2000). Researchers have revealed that inbreeding depression will decrease fruit
set of selfed progeny compared to outcrossed progeny
(Eckert, 2000).
Eremosparton songoricum (Litv.) Vass. is a rare,
dwarf shrubby legume occurring in severely wind
eroded moving and semi-moving sand dunes of the
Gurbantunggut Desert, Xinjiang, China (Chen et al.,
1983; Zhang and Hai, 2002; Yin et al., 2006), and
sand dunes around Lake Balkash in Kazakstan (Vasipchenko, 1941). E. songoricum belongs to the genus
Eremosparton, tribe Galegeae in the Papilionoideae.
An individual can produce 100–3,000 flowers based
on plant size (Zhang et al., 2008), however, this species presents a lower fruit set (<16%; Zhang et al.,
2008) than most self-compatible hermaphroditic species (e.g. 72%; Sutherland and Delph, 1984) as well as
a lower seed set (<16%; Zhang et al., 2008) than most
hermaphroditic species (e.g. 50%–85%; Charlesworth,
1989). Moreover, the seed germination rate in the wild
was lower than 3% and the seedling establishment rate
was lower than 0.1% (Zhang et al., 2008). Those
seemed to indicate that some weaknesses existed in
the sexual reproductive cycle. Besides, the distribution
area of E. songoricum is fragmented, and the population size has greatly decreased during the past 50 years
(Zhang et al., 2008). With the decreasing population
size, selfing rates can be high and embryos suffer from
reduced fitness (Ellstram and Ellam, 1993). However,
till now, the breeding system, core content on reproductive success of a rare species, had not been re-
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ported for E. songoricum, and its consequence on fruit
set is also still unclear. Under these circumstances, the
elucidation of the breeding system and its consequences on reproductive success of such a rare sand
dune shrub as E. songoricum has become much more
importance.
The main objectives of this study were: (1) to examine the mating system of E. songoricum; (2) to
check for the existence of specialized pollen release
and reception mechanisms which affect the breeding
procedure; and (3) to evaluate the influence of pollinators on reproductive success in a desert habitat. In
conclusion, the implications for the conservation of E.
songoricum are discussed. The research aims to shine
light on the cause of weakness in sexual reproduction,
and to provide useful information and new understanding of the causes of rarity of E. songoricum.

1
1.1

Materials and methods
Study area and materials

The study was conducted in a population with the area
of 280 m × 30 m located in the northern part of the
Gurbantunggut Desert (46°31′05′′N, 88°33′04′′E). The
Gurbantunggut Desert is situated in the center of the
Junggar Basin, Xinjiang Uygur autonomous region of
China, and is the second largest desert in China with
an area of 48.8×103 km2. Because of the “blocking
effect” of the Himalayan Range, moist air currents
from the Indian Ocean fail to reach the Gurbantunggut
Desert, and it is far from the Pacific and the Arctic
Oceans, resulting in a vast expanse of arid terrain. The
mean annual precipitation is approximately 79.5 mm,
and the mean annual evaporation is 2,606.6 mm. The
average temperature is 7.26°C (Zhang et al., 2006).
The duration of florescence of E. songoricum is about
21–26 d from late May to late June. Flowering was
acropetal, starting with the basal flowers on the lowest
raceme. The duration from the budding of a single
flower to its withering was 6–8 d. The flower is typically papilionaceous, comprising of a standard petal,
two wing petals and a keel made up of two marginally
fused petals. According to flower morphology and
anther dehiscence, the typical single flowering process
can be divided into four periods: pre-dehiscence, initial dehiscence, full dehiscence and flower withering
(Ma et al., 2008). The length of the stamen filament
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was consistently shorter than the length of the pistil
(65%) at pre- and initial dehiscence stages, almost the
s a me ( 1 5 % ) o r s l i g h t l y longer (20%) at fulldehiscence stage, and then shorter again at flower
withering stage (Ma et al., 2008). The duration of the
fruiting period is from mid July to late August. Our
field investigation and lab experiments were conducted from 2007 to 2009.
1.2

Stigma receptivity, stigmatic cuticle test and
stigma ultra-structure

We randomly selected 60 flower buds under natural
condition. Five stigmas were tested with a 1% solution
of the 2, 5-diphenyl tetrazolium bromide (MTT) in 5%
sucrose every 12 h from the very beginning of flowering (the experiments lasted 6 days). The stigma was
considered receptive when the surface turned dark
purple under a dissecting microscope, and non receptive if there was a lack of color change.
The presence of the stigmatic cuticle was tested
through experiments with Neutral Red and optical microscopy (Heslop-Harrison and Heslop-Harrison, 1982)
on stigmas excised under three conditions: (1) intact
flower buds (n=10), (2) flower buds in which stigmas
were touched with a paint-brush (n=10), and (3) open
mature flowers which had been visited by insects according to field observation (n=10). If stigma surface
appeared red colored only after it was ruptured due to
mechanical disturbance (as second condition) or
flower tripping (as third condition), it meant that a
cuticle was present.
Another 30 flowers under the three conditions mentioned above (n=10 for each condition) were fixed in
FAA solution (formalin (40%), acetic acid and alcohol
(70%) at a ratio of 5:6:89 by volume), followed by
dehydration in a graded ethanol series (70%, 80%,
90%, 95% and twice in 100% concentration for 15
min). Then, the stigmas were excised from the flowers.
Such critical point drying was necessary to avoid the
collapse of the stigmas before coating with gold.
Stigmas were examined using a scanning electron microscope (Leo 1430VP, Leo company, US).
1.3

Breeding system

In order to determine whether or not E. songoricum
obligately requires pollinators to set seed, five randomly chosen individual plants were bagged before
flowers opened and fertile fruit were scored 5–7 weeks
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after treatment. The mating system was investigated
following the method of Dafni (2005). Five experiments were designed as follows: (1) autonomous
self-pollination–buds were bagged throughout their
flowering period; (2) apomixis–anthers of bagged
buds were emasculated; (3) hand self-pollination–
bagged buds were self-pollinated by hand with pollen
within the flower immediately after anthesis; (4) hand
geitonogamous-pollination–bagged and emasculated
buds were geitonogamous-pollinated by hand with
pollen from the same individuals; and (5) hand outcross-pollination–bagged and emasculated buds were
pollinated by hand with pollen of recently opened
flowers of other clones (>10 m away). For each experiment, three flowers were chosen from each of the
five individuals, for a total of three replications. All
the emasculation treatments were performed before
anther dehiscence.
In addition, fruit set and seed set under natural pollination were estimated. Ten flowering inflorescences
with 1,453 flowers were randomly chosen. According
to field investigation, many young pods will be abscised and fall down eventually (unpublished observation, Shi, 2006). Garwood and Horvitz (1985) showed
that ovary enlargement was a valid criterion for assessing fertilization of ovules. On this basis, the number of fruits with embryos was recorded at the beginning expansion (phase I), and at the stage when the
fruit was completely matured (phase II). Fruit set for
each plant, which equals the total number of fruits
divided by the total number of flowers, was calculated
at both phase I and phase II. Seed set was defined as
the proportion of ovules that developed into seeds in
all the mature fruits within an inflorescence.
A self compatibility index (SCI) was estimated as
the ratio between fruit set obtained by hand
self-pollination and that obtained by hand
cross-pollination (Etcheverry et al., 2008). When SCI
was <0.2, the population was considered to be
self-incompatible (Arroyo and Uslar, 1993). The relative reproductive success (RRS) of an inflorescence
was calculated by multiplying fruit set by seed set
(Kasagi and Kudo, 2003).
1.4

Pollinators and foraging behavior

In order to identify the effective pollinators and major
pollination mode, we observed the pollinators and recorded the foraging behavior within and between indi-
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viduals in 2007. This observation had 30 replications
(Zhang, 2006). The captured insects were sampled for
pollen types by touching fuchsin gel to the insect’s
body (Liu and Koptur, 2003). The gel was then melted
onto a slide for examination under an optical microscope with 100× optical magnification. The pollinators
which carried the pollen of E. songoricum and contacted with the stigma, resulting in pollination, were
considered as effective pollinators in the wild population. At least five individuals of each species of effective pollinator were collected for identification in Xinjiang University.
1.5

Data analysis

The results were analyzed using SPSS 16.0 software,
and the figures were made with Excel 2003. The data
were described by mean±SE. Tukey-HSD method of
one way ANOVA was performed in order to compare
the fruit set between fertilization treatments in phase I
and phase II. The other variations were compared by
Independent Sample T-Tests. Data normality was
comprehensively considered by Kolmogorov-Smimov
and Shapiro-Wilk Indices. The Levene test was used
for homogeneity of variance test.

2
2.1

Results
Stigma receptivity, stigmatic cuticle membrane and stigma ultra-structure

E. songoricum shows protogyny. The stigma receptivity lasts about 6 d from the end of the pre-dehiscence
stage to flower withering stage. The time of stigma
receptivity overlaps the time of anther dehiscence.
Staining experiments showed that stigmas excised
from mature open flowers and stigmas touched with a
tiny paint-brush were permeable to the dye and stained
to red color, while stigmas excised from intact flower
buds did not change color and showed high impermeability, indicating the presence of a cuticle membrane.
In addition, when observed under a scanning electron
microscope, intact buds showed no germinating pollen
grains on their stigma (Fig. 1b), while mature flowers
(Fig. 1c) and flower buds touched by a tiny
paint-brush (Fig. 1e) showed the presence of germinating pollen grains. This means that the pollen could
germinate only when the stigma cuticle membrane
was disrupted by tripping and the stigmatic fluid
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flowed out (Fig. 1d). So, the presence of a stigmatic
cuticle membrane is proved. The cuticle could be
tripped only by insects or by mechanical disruption
before they accepted pollen germination, demonstrating a similar ‘tripping mechanism’ as recorded in
other legumes.
When the ultra-structure of stigma of E. songoricum
was observed under a scanning electron microscope, it
showed that the stigma was surrounded by a dense
aggregation of erect trichomes (Fig. 1a, b), representing the ‘pollen brush’ morphology just as re-defined
by Lavin and Delgado (1990). Pollen released from
anthers was trapped between the trichomes of the stylar brush (Fig. 1f).
2.2

Breeding system

Five individuals, bagged early to exclude insects, did
not set fruit, indicating that the reproduction of the
species depends on insect pollination. After pollination by hand with autogamous, geitonogamous and
outcross pollen, the fruit set in phase I showed no significant difference (Table 1), indicating high
self-compatibility of E. songoricum. Furthermore, the
SCI index was 0.54 (>0.2), confirming that E.
songoricum is self-compatible.
The results of the mating system experiments are
presented in Table 1. None of the flowers set fruit in
the apomixis treatment, indicating that apomixis does
not occur. In the autonomous self-pollination treatments, only 8.90% of fruit set was observed in phase I
and 0.01% in phase II, indicating that autonomous
autogamy rarely occurs. When self-pollinated by hand,
relatively high fruit production (89.99%) was observed in phase I and 16.93% in phase II (Table 1),
therefore, facilitated autogamy could occur. Hand
cross-pollination set 2.64 and 2.61 times more fruit in
phase II than hand self-pollination and hand geitonogamous pollination respectively, which indicates
that outcross pollen attributed to reproductive success.
In addition, hand cross-pollination also set 2.36 times
more fruits in phase II than natural pollination, which
indicates that in natural populations outcross pollen is
hard to deposit on stigma and set fruit.
Fruit production in phase I was significantly higher
compared to phase II (|t|=31.50, df=280, P<0.001)
(Table 1) under conditions of natural pollination,
which indicates that fruit abortion in E. songoricum
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Fig. 1 SEM photomicrographs of the pollen brush of E. songoricum. (a) The morphology of stigma (right arrow) and stylar brush
(left arrow); (b) An intact stigmatic surface (arrow); (c) A tripped stigmatic surface (right arrow) with germinated pollen (left arrow);
(d) Stigmatic fluids appear after tripping (arrow); (e) Germinated pollen grains (right arrow) with pollen tube growth (left arrows); (f)
Detail of the stylar brush, with pollen grains trapped in the trichomes (arrows).

Table 1 Fruit set (mean±SE) of E. songoricum within each treatment in different phases (lowercase letters)
and between each pollination treatment (uppercase letters) in 2007
Treatments
Phase I
Phase II

Natural pollination

Autonomous selfing

Hand self-pollination
(%)

Hand geitonogamous
Pollination

Hand outcross
Pollination

Apomixis

88.61±3.31a, A
(n=1453)

8.90±0.85a, B
(n=90)

89.99±1.20a, A
(n=88)

88.56±2.17a, A
(n=89)

88.55±2.52a, A
(n=90)

0a, C
(n=90)

14.47±1.20b, B
(n=1453)

0.01±0.02a, C
(n=90)

12.93±1.28b, B
(n=88)

13.05±0.32b, B
(n=89)

34.10±1.31b, A
(n=90)

0a, C
(n=90)

Note: Phase I means the time when the fruit is beginning expansion, and phase II means the time when the fruit is completely mature; ‘n’ = the number of total
manipulated flowers in each treatment. The different lowercase and uppercase letters show significant difference at 0.01 level.
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can be frequent, and about 70% of fruits were aborted
during fruit development, between pollination and
fruit maturation. We also noticed that seed production
(1.01±0.01) was much lower than ovules per ovary
(8.33±0.19) (|t|=119.10, df=463, P<0.001), which
means that some ovules were not fertilized and/or they
were aborted early in fruit development. The index of
RRS equaled 0.019.
2.3

Pollinators and foraging behavior

Only two visitors were recorded as effective pollinators. The most frequent pollinator was Megachile terminat Morawitz, accounting for 89.3% of all the visits.
Another was one species from the Stenogastridae family which need to be further identified. They all used
their middle leg and rear leg to grasp the projecting
part of the flower wing, and then opened the keel with
their fore legs so as to introduce their proboscis between keel and vexillum to obtain nectar. Keel petals
were always enclosed during all the flowering process
until the flower was visited by a pollinator. When visited by a pollinator, the style with a pollen-loaded
brush was forced through the keel tip and the pollen
was brushed on the visitor.
Based on the observation of 30 individuals of M.
terminat, (74.5±1.3)% of visiting activity happened
within or between inflorescences of the same individual plant, and (24.3±1.4)% occurred between different
ramets.

3 Discussion
3.1 Breeding system and its consequence on fruit-set
The results of this study indicate that E. songoricum
exhibits a mixed mating system. E. songoricum is
self-compatible, but depends strictly on pollinators to
set fruits. Autonomous selfing rarely happens. Two
structural features are related to this phenomenon: the
stigmatic cuticle membrane and the pollen brush
structure. The stigmatic membrane prevents autonomous self-pollination, and as a consequence E.
songoricum requires tripping for effective pollination.
This membrane was reported to be present in seven
tribes of Papilionoideae (Shivanna and Owens, 1989).
Pollen did not germinate until the stigmatic cuticle
membrane was disrupted and lipid-rich secretions hydrated the pollen (Lord and Harrison, 1984; Britten
and Dunda, 1985; Castro and Agulló, 1998). In E.
songoricum, only tripping by insects (Fig. 1c) or
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manual tripping (Fig. 1e) could result in the rupture of
the stigmatic membrane and facilitate pollen germination. Another structural feature, a pollen brush, may
prevent autonomous selfing and may maximize
out-crossing of E. songoricum by preventing
self-pollen deposition on the stigmas during anthesis.
The erect trichomes emanating from the style are an
essential feature of the pollen brush in that they enable
pollen to be brushed upward and trapped (Fig. 1f), and
then brushed onto the visiting pollinators, showing a
secondary pollen presentation mechanism (Lavin and
Delgado, 1990). Polhill (1976) suggested that the pollen brush confers an economy of pollen transfer to the
individual flower. In our artificial self-pollination experiment, the pollen was rubbed on the stigma with a
brush. This may be the reason why greater fruit sets
were seen on these flowers compared with the unmanipulated (autonomous selfing) flowers.
The pattern of mating in populations depends on
complex interactions between the agents that move
pollen from anther to stigmas, as well as many aspects
of floral biology, growth form, and population structure (Eckert, 2000). In E. songoricum, the combination of self-compatibility, modular growth, clonal
propagation and mass-flowering provides manifold
opportunities for geitonogamy. Regarding the behavior of the effective pollinator, Megachile terminat
Morawitz, (74.5±1.3)% of visiting activity happened
within individuals and (24.3±1.4)% of foraging behavior occurred between ramets, indicating that geitonogamy frequently happens in natural populations.
In addition, we found that foraging behavior occurring
between ramets may be restricted between ramets of
the same clone, since E. songoricum has identical
clonal structure between neighbor ramets (<7 m) when
detected by ISSR (Inter Simple Sequence Repeat)
markers (Lu et al., 2007; Liu et al., 2010). Consequently, geitonogamy is the predominant mating mode
in E. songoricum.
Lloyd and Schoen (1992) concluded that families
characterized by specialized pollination mechanisms,
such as papilionoideae, have undergone natural selection promoting cross-pollination. In fact, the ratio pollen to ovule for E. songoricum was (1,255±139):1 (Ma,
2007), which indicates that the species is out-crossing
with a tendency towards facultative out-crossing according to the criteria of Cruden (1977). In this study,
hand cross-pollination of E. songoricum produced
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significantly higher numbers of fruits in phase II than
hand self and geitonogamous pollination respectively,
showing out-cross pollination is greatly beneficial to
fruit set. Compared to open pollination, hand
cross-pollination set more than twice the number of
fruits, implying that out-cross pollination seldom happens in natural conditions, maybe due to pollinator
limitations. We consider that, although natural selection promotes cross-pollination, E. songoricum exerts
geitonogamy more often, as an unavoidable consequence of simultaneous multi-flowering and clonal
propagation.
However, geitonogamy is disadvantageous, probably resulting in severe pollen and seed discounting
and provides little reproductive assurance (Lloyd,
1992; Eckert, 2000). In addition, geitonogamy will
lead to self-fertilization and may cause inbreeding
depression in self-compatible species (Young et al.,
1996; Yang et al., 2005). In this study, artificial
self-pollination and geitonogamy decreased fruit set
(phase II) compared with that of hand out-cross pollination. The results indicate that inbreeding depression
plays a role during the period from fertilization to fruit
maturation, as reported in another Fabaceae species
(Lupinus arboreus) (Pamela and John, 2000). Furthermore, geitonogamy of clonal plants is always coupled
with strong inbreeding depression (Eckert and Barrett,
1994). Consequently, geitonogamy is inevitable in E.
songoricum and brings strong inbreeding depression,
which seems to be disadvantageous in E. songoricum.
Extremely low reproductive success (0.019) was observed in E. songoricum compared to other Papilionoideae species (Etcheverry et al., 2008). Low reproductive success seems to be a general phenomenon in E.
songoricum with low fruit and seed production.
3.2

Conservation implications

Geitonogamy inevitably leads to strong breeding de-
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pression in E. songoricum, especially in small and
isolated populations. In the Gurbantunggut Desert,
ecosystems have suffered a massive reduction in size
and quality as a consequence of the engineering activities related to oil-gas extraction in the past 60 years
(Qian et al., 2002). These activities have a great effect
on E. songoricum, causing habitat fragmentation,
population decline and strong genetic differentiation
among populations because of limited gene flow (Lu
et al., 2007；Zhang et al., 2008). In addition, inbreeding depression is typically greater in more
stressful environments (Parsons, 1971; Jiminez et al.,
1994; David et al., 2002). As a result, stress may increase extinction risk due to inbreeding. Thus, the
preservation of habitat and the maintenance of populations are most important in any strategy aimed at conservation of E. songoricum, and more generally, of the
Gurbantunggut Desert flora and fauna.
E. songoricum depends strictly on pollinators to set
fruits. As a result, protections of wild bee populations
or developing apiculture in this area are likely to be
the most effective strategies for maintaining the existing natural plant populations. In addition, out-cross
pollination contributed to reproductive success, but
seldom is out-cross pollen deposited on stigma in
natural populations. Therefore, it maybe helpful to
undertake artificial out-cross pollination activities in
natural, or even in ex-situ protected populations, with
a minimum distance of seven meters between plants or
groups of plants to avoid geitonogamous pollination
between ramets.
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